Abstract: Leucine-rich repeat receptor-like kinases (LRR-RLKs) have been reported to play important roles in plant growth, development and stress responses. However, no comprehensive analysis of this family has been performed in Gossypium, which are important economic crop and suffer various stresses in growth and development. Here we conducted a comprehensive analysis of LRR-RLK family in four Gossypium species (G. arboreum, G. barbadense, G. hirsutum and G. raimondii). A total of 1641 LRR-RLK genes were identified in the four Gossypium species involved in our study. Maximum-likelihood phylogenetic tree revealed that all the LRR-RLK genes were divided into 21 subgroups. Exon-intron organization structure of LRR-RLK genes kept relative conserved in subfamilies and between Arabidopsis and Gossypium. Subfamilies XI and XII were found dramatically expanded in Gossypium. Tandem duplication acted as an important mechanism in expansion of Gossypium LRR-RLK gene family. Function analysis suggested that plant hormone signaling and plant-pathogen interaction pathway were enriched in Gossypium LRR-RLK genes. Promoters analysis and expression profiles analysis revealed that Gossypium LRR-RLK genes were extensively regulated by TFs, phytohormone and various environmental stimuli, and play key roles in stress defense and diverse development processes. Our study provided valuable information for further function study of Gossypium LRR-RLK genes.
Introduction
Receptor-like protein kinases (RLKs) represent a large number of transmembrane kinases which perceive stimulus at cellular surface and mediate the cellular signaling transduction via autophosphorylation and subsequent downstream phosphorylation for intercellular communication or response to extracellular environment [1, 2] . In land plants, RLKs form a large family and expand extensively [3] [4] [5] . A common feature of the RLKs is that each usually has an N-terminal extracellular domain (ECD) that varies in structure, a transmembrane domain (TM), and a relatively conserved cytoplasmic protein kinase catalytic domain (KD) [6] . The ECD region, which is thought to act as a ligand-binding site, has a diverse structural feature, allowing to interact with proteins, polysaccharides, lipids, and other ligands [4, 7] . The leucine-rich repeat RLKs (LRR-RLKs) comprise the largest group of plant RLKs [7, 8] , which contain a varying number of leucine-rich repeat (LRR) in the ECD region. The LRR is a 20-30 amino acid-residue sequence motif, appears to provide the structural framework for recognition of ligands [9] . The number and arrangement pattern of LRRs may varies among different LRR-RLKs, partly contribute to the diversity of LRR-RLKs. A comprehensive LRR-RLKs analysis among a diverse of plants lineages classified plant LRR-RLKs into 19 subfamilies, phylogenetic analysis demonstrates much of the diversity of plant LRR-RLKs established in early land plants [10] .
In plants, LRR-RLK genes play various important roles in plant development and response to biotic and abiotic stresses [10] . In terms of plant growth and development, the best-characterized LRR-RLK gene member in Arabidopsis is CLAVATA1 (CLV1), which involves in shoot and flower apical meristem development. By combining with receptor-like protein CLV2, the LRR-RLK CLV1 is dimerized and recognizes small secreted dodecapeptide CLV3 as ligand to regulate expression of the downstream transcription factor WUSCHEL (WUS) which in return up-regulates the expression of CLV3, results in a feedback mechanism to regulate the meristem size [11, 12] . The heterodimeric LRR-RLK complex BAK1/BRI1 initiates the brassinosteroid signaling cascade [13, 14] . HAESA (HAE) is involved in floral organ abscission [15] , RPK1 and TOAD2 encode LRR-RLKs required for proper embryo morphogenesis [16] . In addition, some LRR-RLKs are defense related. In Arabidopsis, FLS2 and EFR perceive bacterial antigen and mediate the defense against pathogen [17, 18] . The rice LRR-RLK gene Xa21, encoding a LRR-RLK, is an effective rice bacterial blight resistance gene [19] . As the metabolic pathway intertwines, some LRR-RLKs function on several aspects. For instance, somatic embryogenesis receptor-like kinases (SERKs) participate in the process of microsporogenesis and embryogenesis, and enhance acquisition of embryogenic competence in culture regeneration [20] [21] [22] . Meanwhile, recent researches demonstrate that SERKs are indispensable in brassinosteroid signaling [23, 24] , even the rice OsSERK1 host defense response against fungal infection by mediating defense signaling transduction [22] .
As LRR-RLKs has many functional roles, genome-wide identification and analysis of LRR-RLK genes have been carried out extensively. Based on KD sequence phylogeny and gene structure, at least 213 identified LRR-RLK genes in Arabidopsis thaliana were classified into 15 groups [3, 8] , 309 identified in Oryza sativa were classified into 5 groups [25] , 379 identified in Populus trichocarpa were classified into 14 groups [26] , 303 identified in Brassica rapa were classified into 15 groups [27] , 467 identified in Glycine max were classified into 14 groups, 234 identified in Solanum lycopersicum were classified into 10 groups [28] . To date, LRR-RLK genes have been identified and phylogenetically analyzed in more than 31 plant species [10, 29] . However, no similar analysis has been conducted on cotton (Gossypium spp.), except Gossypium arboreum [29] .
Cotton, which comprises several Gossypium genus species, is an important economical crop, produce large amounts of natural fibers for textile industry. For a long time, cotton suffers a variety of biotic and abiotic stresses in planting, and many efforts have been taken on the development of cotton fiber to improve the quality and yield. Considering the multifunction of LRR-RLK genes in plant defense response and development process, in this study, we conducted genome-wide identification and phylogenetic analysis of LRR-RLK genes on four genomesequenced Gossypium genus species. In addition, the function and expression profiles of Gossypium LRR-RLK genes in several important developmental and stress response processes were analyzed, our investigations provide insights into the evolution of Gossypium LRR-RLK genes and the roles of LRR-RLK gene family in development and stress defense.
Materials and Methods

Identification of LRR-RLK genes in four Gossypium genus species
Proteomes data of Gossypium arboreum, Gossypium barbadense, Gossypium hirsutum, and Gossypium raimondii were download from public database (ftp://bioinfo.ayit.edu.cn/downloads [30] ; http://database.chgc.sh.cn/cotton/index.html [31] ; https://phytozome.jgi.doe.gov/ [32] ), the corresponding whole-genome gene annotations were downloaded as well. As LRR-RLKs are featured with KD domain, LRR domain and TM domain, the corresponding Hidden Markov Model (HMM) models of KD including Pkinase (PF00069), Pkinase_Tyr (PF07714), and HMM models of LRR including LRR_1 (PF00560), LRR_2 (PF07723), LRR_3 (PF07725), LRR_4 (PF12799), LRR_5 (PF13306), LRR_6 (PF13516), LRR_8 (PF13855), LRR_9 (PF14580), LRV (PF01816), were downloaded from Pfam database (http://pfam.xfam.org/) [33] , and provided as queries to conduct homologues search (E-value < 1×10 -10 ) against protein database of the four Gossypium species respectively by using HMMER 3.1b2 software [34] . The resulting hits that existed in both KD domain search results and LRR domain search results were collected for further filtering. To make sure that we get as close as the whole possible LRR-RLKs, the amino acid sequences of Arabidopsis LRR-RLKs members reported by Shiu et al. [7] were retrieved from The Arabidopsis Information Resource (TAIR) database v10.0 (http://www.arabidopsis.org/) [35] and served as query to perform a similarity search (evalue < 1×10 -5 , identity > 50%) against protein database of the four Gossypium species using BLAST+ v.2.6.0 [36] . The sum total items of HMMER search result and BLAST+ result were used for subsequent validation analysis. InterProScan v.5.24-63.0 [37] was used to confirm the presence of KD domain and LRR domain and other characteristic domains. TMHMM server v.2.0 (http://www.cbs.dtu.dk/services/TMHMM/) [38] and Phobius (http://phobius.binf.ku.dk/) [39] were used for transmembrane (TM) domain prediction, either TMHMM server or Phobius server indicates a TM domain, we decided it TM domain contained. Proteins that contain both KD domain, LRR domain and TM domain were considered as LRR-RLKs.
Phylogenetic analysis of Gossypium LRR-RLKs
LRR-RLK genes identified in four Gossypium species and previously reported in Arabidopsis [8] were involved in phylogenetic analysis. Amino acid sequences were used to perform multiple sequence alignment by MUSCLE [40] . Maximum likelihood (ML) tree was constructed by FastTree 2 [41] with default arguments. Neighbor-joining (NJ) tree was constructed by MEGA 7 [42] with 1000 bootstrap.
Gene structure analysis
Exon-intron structure information of identified LRR-RLK genes were retrieved from the whole-genome gene annotations. LRR, TM and KD domain coordinates were derived from InterProScan annotation results and TM domain prediction results. TBtools [43] was used to display the gene exon-intron structure and domain coding regions.
The genomic coordinates of genes were extracted from genome annotation release data, and then used to map LRR-RLK genes on chromosome by TBtools [43] . Tandem duplication of LRR-RLK genes were identified when genes belong to the same LRR-RLK subfamily and separated by ten or less gene in 200 kb distance meanwhile.
Gene Ontology (GO) and pathway analysis of Gossypium LRR-RLKs
Gene Ontology (GO) and KEGG pathway annotation information for G. barbadense, G. hirsutum and G. raimondii were download from CottonFGD [44] . According to the gene function annotation method used in CottonFGD, GO annotation of G. arboreum LRR-RLKs were conducted by InterProScan. KEGG Orthology were assigned to G. arboreum LRR-RLKs using KEGG Automatic Annotation Server (KAAS) [45] and then mapped to KEGG pathways. GO and KEGG pathway enrichment analysis were conducted by R package clusterProfiler v3.6.0 [46] .
Promoter and regulatory analysis of Gossypium LRR-RLK genes
The upstream 1.5 kb sequence of gene start codon was recognized and extracted as promoter region. Promoter sequences of all Gossypium LRR-RLK genes were submitted to PlantCARE database [47] to predict potential cis-acting regulatory elements. Transcription factor (TF) binding sites were predicted by Binding site prediction tools on PlantTFDB 4.0 [48] .
Gene expression profiles analysis of Gossypium LRR-RLK genes
RNA sequencing data were accessed from NCBI Sequence Read Archive (SRA) database (PRJNA89721) and CottonFGD [44] . The fragments per kilobase million (FPKM) value for each gene was computed to represent gene's expression levels. Expression heatmap were drawn by R software package ComplexHeatmap (for k-means clustering) [49] and pheatmap (for hierarchy clustering) [50] based on log10-transformed FPKM values.
Results and Discussion
Identified LRR-RLK genes of four Gossypium genus species
298, 511, 515, 317 LRR-RLK genes were identified in G. arboreum, G. barbadense, G. hirsutum and G. raimondii, respectively. All of these identified LRR-RLK gens contained LRR domain, KD domain, and TM domain simultaneously, and the conserved protein domain arranged in the order of LRR-TM-KD from N-terminal to C-terminal ( Figure S1 ). The number of Gossypium LRR-RLK genes account for 0.73%, 0.66%, 0.73%, 0.85% of whole genome protein coding genes in each species respectively. The proportions of LRR-RLK genes largely fit with the result of Liu et al. [10] , which demonstrated this proportions in the eight studied angiosperm species were 0.67-1.39%.
Phylogenetic analysis and gene structure of Gossypium LRR-RLK genes
The amino acid sequences of 1641 LRR-RLK genes identified in present study and previously reported 213 A. thaliana LRR-RLK genes were used to construct phylogenetic tree. Refer to the classification of A. thaliana LRR-RLK genes, the maximum likelihood (ML) tree showed LRR-RLK genes from Gossypium were classified into 21 distinct clades ( Figure 1 ). Clades were named to be correspondent subfamilies according to the nomenclature of A. thaliana LRR-RLK genes [8] . Most of LRR-RLK subfamilies of Gossypium were consistent with A. thaliana, while subfamilies VI, VII, VIII, XI were further divided into VI-1 and VI-2, VII-1 and VII-2, VIII-1 and VIII-2, XI-1, XI-2 and XI-3, respectively. Overall, subfamilies III, XI, XII show the highest members number of LRR-RLKs. While, in terms of A. thaliana, the majority of LRRRLKs were distributed in subfamilies I, III, XI ( Figure 3 , Table S1 ). This is largely ascribed to that some subfamilies exhibit to be linage specific expansion. For example, in subfamily XII only 7 of the whole 282 members belong to A. thaliana. Another example is the subfamily I, which is mainly (41 out of 61) composed of A. thaliana LRR-RLKs. Uncoordinated proportion of each subfamily between Gossypium and A. thaliana suggesting different expansion patterns of LRR-RLK genes between them. Besides, another tree constructed by MEGA 7 using the neighborjoining (NJ) method was used to further validate the phylogenetic relationship of LRR-RLK genes in ML tree. Result showed that the topologies of two trees were somewhat different, while gene members assignment among different clades remained relative stable ( Figure S2 ). Therefore, the subfamilies classification in ML tree was reliable and could be used for further analysis. Gene exon-intron structures and characteristic domain organizations of Gossypium LRR-RLK genes were investigated ( Figure S1 ). For each subfamily, gene structures of representative genes from each species were displayed and compared. Number of exons in ECD region varied both within and between subfamilies, while the number of exons in KD domain kept relatively constant. This implied that KD domain region was crucial for the function of LRR-RLKs and might subjected to strict purifying selection in evolution. Variable ECD regions might help LRRRLKs perceive diverse environmental stimuli. As KD domain is more conserved than LRR domain in LRR-RLK family genes [10, 29] , we classified the Gossypium LRR-RLK genes into three groups based on the exon-intron organization of KD domain (Figure 2 ). LRR-RLK genes in Group A, which contains subfamilies VII-1, VII-2 and XV, had KD domains located on an integral exon (Figure 2A ), while KD domains of LRR-RLK genes in Group B, which contains subfamilies III, IV, IX, X, XI-1, XI-2, XI-3, XII, were separated by one intron ( Figure 2B ). In Group C, containing subfamilies I, II, V, VI-1, VI-2, VIII-1, VIII-2, XIII-1, XIII-2, XIV, KD domains of LRR-RLK gene members were separated into 3-6 exons by introns. Meanwhile, the ECD regions of Group C genes (except for subfamilies XIV and VI-1 members) showed highly discrete distributed exons ( Figure 2C ). As a result, the LRR domains of Group C gene members distributed in many different exons, on the contrary, majority of genes' LRR domains in Group A and B were located in an integral exon. Reference to subfamily division based on ML tree, exon-intron structures of LRR-RLK genes was variable between different subfamilies, while LRR-RLK genes in the same subfamily showed comparable gene structures. This indicated that the gene structures were relatively conserved within each subfamily, implying that the evolutionary relationships of these genes coincide with ML tree. For each subfamily, gene structures of LRR-RLK genes from both A. thaliana and four Gossypium species were almost identical, suggesting that exon-intron structures of LRR-RLK genes were conserved between A. thaliana and Gossypium. Figure 2 . Exon-intron structures of representative LRR-RLK genes of each subfamily from four Gossypium species and A. thaliana. LRR, KD and TM domain coding regions were marked on exons by different colored rectangles. Based on the exon-intron structures of KD domain, Gossypium LRR-RLK genes were classified into Group A, Group B and Group C.
Dramatical expansion of LRR-RLK subfamilies XI and XII in Gossypium species
Statistics of the LRR-RLK genes distribution among different subfamilies were conducted in both Gossypium species and A. thaliana. In consideration of the genome size difference among different species, the proportion of each subfamily were compared instead of member number of each subfamily. In general, LRR-RLK genes show similar proportion in most of subfamilies between the Gossypium and A. thaliana. While Gossypium LRR-RLK genes have significant smaller proportion of subfamily I distribution, and larger proportion of subfamily XI and XII than A. thaliana ( Figure 3 ). There were 41 LRR-RLK I members in A. thaliana, accounted for 19.2% of all A. thaliana LRR-RLK genes, while the counterpart percentage was 0.9%-1.4% in Gossypium species. A. thaliana had about 13 times more LRR-RLK I members comparing to Gossypium species. On the contrary, Gossypium species showed 26.5%-27.4% and 11.8%-20.0% of LRR-RLKs distributed in subfamily XI and XII, respectively, the proportions were about twice to four times more compare to A. thaliana, in which the corresponding percentage were only 15.0% and 3.3%.
Figurer 3. Comparison of LRR-RLK genes distribution among different subfamilies between A. thaliana and Gossypium. For each species, all the LRR-RLKs were divided into 21 subfamilies, represented by rectangle within different colors, the area of each rectangle within specific color represented the proportion of corresponding subfamily.
As the last common ancestor of angiosperms (LCAA) was estimated to contain about 7 LRR-RLK subfamily I members, A. thaliana LRR-RLK I subfamily shows dramatic expansion due to WGD of Brassicaceae [29] . The significant expansion of subfamily I in A. thaliana make it to be the largest subfamily. While a slight reduction of this subfamily was found in diploid Gossypium, which perhaps suggest the gene loss during the evolution. With respect to LRR-RLK subfamily XI and XII, comparing with LCAA, all four Gossypium species exhibit significant expansion in these two subfamilies. As described in previous study [30] , the LRR-RLK XI subfamily almost relatively keep stable member number in most angiosperms, as verified by A. thaliana in present study. While in Gossypium, subfamily XI expands dramatically (predominantly in XI-1), makes it to be the largest LRR-RLK subfamily, even accounts for about 25% of the total LRR-RLK genes. According to the current knowledges, lots of the A. thaliana LRR-RLK genes that fall into XI are involved in plant organ and tissue development. For example, RGFR genes are involved in root growth and development. CLV1, BAM are involved in shoot and floral meristem development and function. PXY is involved in vascular-tissue development. HAE, HSL controlling floral organ abscission. IKU, GSO are involved in embryo development. As homologues in same cluster may have similar functions, we think Gossypium has evolved more development-related LRR-RLK genes to regulate more complex development processes. Besides, some other A. thaliana XI gene members, such as PEPR1 and PEPR2 are defense and stress response-related, expanded subfamily XI might help Gossypium defend stresses. Likewise, subfamily XII expands greatly in Gossypium. As known, the expansion LRR-RLK XII is extensive in many different species [30] . Most of genes in subfamily XII are involved in biotic and abiotic stress response, so we suppose that the expansion of LRR-RLK XII help perceive and adapting diverse environment.
As allotetraploid species G. hirsutum and G. barbadense, known as derived from hybridization of diploid ancestors of G. arboretum and G. raimondii [51] [52] [53] , the number of LRR-RLK members in each subfamily between the two allotetraploid species were compared. In general, G. hirsutum and G. barbadense have similar proportion in terms of most of subfamilies. While when regarding subfamily XII, G. barbadense significantly shows higher proportion than G. hirsutum (Figure 3) . In details, G. barbadense has 102 LRR-RLK genes assigned into subfamily XII, as there were only 61 LRR-RLK subfamily XII members in G. hirsutum. As most subfamily XII members are defense-related, the fact that G. barbadense has better resistance than G. hirsutum may be attribute to more subfamily XII members in some degree. We suppose that G. barbadense is more likely to retain copies of LRR-RLK subfamily XII gene members form diploid ancestors, while G. hirsutum tends to lose some copies. Different retain/loss model of duplicates after polyploidization between G. hirsutum and G. barbadense may due to adaptation against different environment and different selection underwent.
Genomic distribution and gene duplicates of LRR-RLK genes in Gossypium
The genomic distribution of identified LRR-RLK genes form four Gossypium species was displayed respectively ( Figure S3) . Most of the LRR-RLK genes were mapped to chromosomes, with only 11(3.7%), 44(8.6%), 36(7.0%), 4(1.3%) LRR-RLK genes form G. arboretum, G. hirsutum, G. barbadense, G. raimondii were located on scaffolds. The LRR-RLK genes were distributed in all chromosomes but unevenly across different chromosomes. The distribution across different chromosomes was comparative in two polyploid species, chromosome A5, A10, D5, D10 contain highest proportion of LRR-RLK genes in both G. barbadense and G. hirsutum. The comparable genomic distribution pattern of this large gene family between G. barbadense and G. hirsutum suggesting the close phylogenic relationship of these two allotetraploid species. While the distribution across different chromosomes was quite different between two diploid species G. arboretum and G. raimondii ( Figure S3 ).
Mapping the LRR-RLK genes on chromosomes allow us to detect gene duplication. In our analysis, LRR-RLK genes fall into the same subfamily and separated by ten or less genes in 200 kb chromosomal distance were recognized as tandem duplication set [5, 26] 3% for G. arboreum, G. barbadense, G. hirsutum, G. raimondii respectively), subfamily VIII-2 contains averagely about 14.5% of tandem duplication sets and 11.7% of tandem duplicate genes, corresponding to the somewhat expansion of subfamily VIII-2. Other subfamilies (II, III, VII-1, IX) contain a few of tandem duplication. No tandem duplication was found in subfamilies I, IV, V, VI-1, VI-2, VII-2, VIII-1, X, XI-1, XI-3, XIII, XIV, XV) ( Table 1, Table S2 ). When concerning the two dramatically expanded subfamilies XI and XII, we found that averagely about 40% of LRR-RLK subfamilies XI members and about 60% of LRR-RLK XII members are involved in tandem duplication (Table S2 ), implying that tandem duplication play an important role in greatly expansion of these subfamilies. Besides, as in subfamilies XI and XII, about half of the LRR-RLK subfamily VIII-2 members derived from tandem duplication (Table S2) , suggesting the same important role of tandem duplication in expansion of subfamily VIII-2. We deduced that tandem duplication is extensively existed and acts as an important expansion mechanism in expanded LRR-RLK subfamilies.
Subfamily
Number of tandem duplication genes (gene sets) 
Functional and pathway annotation analysis of Gossypium LRR-RLK genes
Gene ontology (GO) annotation information were available from public Gossypium database, we conducted GO enrichment on all LRR-RLK genes from G. arboreum, G. barbadense, G. hirsutum and G. raimondii. Results showed that the molecular function of "protein kinase activity", "protein binding", "ATP binding" and biological process of "protein phosphorylation" were significantly enriched in Gossypium LRR-RLK genes (Figure 4) . The GO enrichment results well conformed with the basic kinase attributes of LRR-RLKs. KEGG Orthology were assigned to Gossypium LRR-RLKs by using KAAS (KEGG Automatic Annotation Server), involved pathway were annotated subsequently. Enrichment analysis showed that "plant-pathogen interaction" and "plant hormone signal transduction" were significantly enriched in all four Gossypium species ( Figure 5 ), implying that Gossypium LRR-RLK genes may be more likely to involve in the process of biotic stress defense. As plant hormone participates in lots of developmental and abiotic stress response processes, such as fiber development, florescence, drought response, salt stress response et al., we think that Gossypium LRR-RLK genes have diverse functional roles in developmental, biotic and abiotic defense processes. "Toll-like receptor signaling" and "NOD-like receptor signaling pathway" pathways were found enriched in G. arboreum and G. hirsutum, as both Toll-like receptor and NOD-like receptor were infection defense and disease resistance related proteins [54, 55] , these results thus further illustrated that the key roles of LRR-RLK genes in disease defense may mediated by related signaling.
Function of the two dramatic expanded Gossypium LRR-RLK subfamilies XI and XII were further focused, results showed that the pathway "plant-pathogen interaction" and "MAPK signaling" were significantly enriched for Gossypium LRR-RLK subfamilies XII. The expansion of subfamily XII may confer Gossypium more vigorous pathogen response and better resistance to various environmental stresses. 
Cis-acting regulatory analysis of Gossypium LRR-RLK genes' promoters
Cis-acting regulatory elements in the promoter regions (1.5 kb sequence upstream of start codon) of Gossypium LRR-RLK genes were detected by searching PlantCARE database. Phytohormone, stresses defense, cell cycle related cis-acting regulatory elements were widespread in the promoter regions of Gossypium LRR-RLK genes ( Table 2, Table S3 ). More than 80% of Gossypium LRR-RLK genes had water stress, drought stress and light response cis-acting regulatory elements in their promoters, more than half of Gossypium LRR-RLK genes had heat, osmotic stress, low pH, nutrient starvation, anaerobiosis stresses response, ethylene (ETH) and abscisic acid (ABA) response cis-acting regulatory elements in their promoters additionally. Methyl jasmonate (MeJA) response elements were existed in many Gossypium LRR-RLK genes' promoters (50.0%, 42.3%, 44.3%, 47.3% of G. arboreum, G. barbadense, G. hirsutum and G. raimondii LRR-RLK genes, respectively). Salicylic acid (SA) response elements were found in about 40% of Gossypium LRR-RLK genes' promoters. Gibberellin and auxin response elements were found in about 20% of Gossypium LRR-RLK genes' promoters. About half of Gossypium LRR-RLK genes had wounding and pathogen response elements in their promoters. TC-rich repeats (defense and stress response) and LTR (cold response) elements were found in promoters of about 30% of Gossypium LRR-RLK genes. Besides, more than 35% of Gossypium LRR-RLK genes had cell cycle and cell proliferation related elements in promoter regions. Some (about 5%) Gossypium LRR-RLK genes had heavy metal ions response related cis-acting regulatory element. Cis-acting regulatory elements analysis results revealed that the expression of Gossypium LRR-RLK genes extensively regulated by phytohormone and other diverse abiotic and biotic environmental signals, implying the important roles of Gossypium LRR-RLK genes in stresses defense and development. Table 2 . Statistics of cis-acting regulatory element detected in promoter regions of Gossypium LRR-RLK genes. (*Cis-acting regulatory elements that have no functional description were not shown, see Table S3 for details.)
Transcription factors (TFs) play key roles in many cellular and biological processes by regulating expression of corresponding target genes. To investigate the possible regulation relations between TFs and Gossypium LRR-RLK genes, TF binding sites were predicted by online tools-Binding site prediction on PlantTFDB [48] . Result showed that Gossypium LRR-RLK genes could be regulated by 39 TF families ( Figure 6 , Table S4 ). Dof, MIKC_MADS, MYB, AP2, C2H2, ERF were the most widely functioning TF families, could regulate majority of Gossypium LRR-RLK genes. Most of the top TF families were implicated in various aspects of plant development, hormonal signal transduction, plant defense and stresses response, suggesting that Gossypium LRR-RLKs might participate diverse plant development and stresses defense processes by TFs mediated regulation. Figure 6 . Statistics of Gossypium LRR-RLK genes regulated by different families of TFs (genes with TF binding sites were considered to be regulated by TFs).
Gene expression of Gossypium LRR-RLKs during developmental and stress defense processes
As the functional analysis showed the important roles of Gossypium LRR-RLKs in diverse developmental and defense processes, the expression profilers of Gossypium LRR-RLKs in several important developmental (fiber development, ovule development) and biotic stress (Verticillium wilt) defense and abiotic stress (cold, hot, drought, salt) defense processes were investigated. Fiber development is an important process in Gossypium, k-means clustering showed that G. hirsutum LRR-RLK genes were clustered into two groups, the majority of Group 1 gene members showed relative lower or moderate expression throughout the fiber development, while Group 2 gene members were highly expressed at the 5 and 10 dpa (day post anthesis) stages, followed by down-regulation at the 20 and 25 dpa ( Figure 7A ). The results suggested that LRR-RLK genes in Group 2 were important for the early development of fiber. There were 8 LRR-RLK genes assigned into Group 2 (Gh_A07G1471, Gh_D09G1268, Gh_A10G0460, Gh_D10G0477, Gh_A11G1546, Gh_D11G3486, Gh_A13G0257, Gh_D13G0274), except for Gh_A07G1471 and Gh_D09G12686, other 6 Group 2 members belong to 3 homologous pairs. Additionally, orthologous genes in Group 1 of Gh_A07G1471 and Gh_D09G12686 showed similar expression pattern with themselves. In conclusion, for LRR-RLK genes in Group 2, orthologous genes between A and D sub-genomes showed identical expression patterns, suggesting the functional conservation of Group 2 LRR-RLK genes in fiber development between different Gossypium species. Figure 7 . Expression patterns of G. hirsutum LRR-RLK genes in fiber and ovule development. Genes were clustered by k-means method.
In the process of ovule development, all G. hirsutum LRR-RLK genes were divided into two groups according to K-means clustering. Group 1 contain 81 LRR-RLK genes that showed highly expression at almost all stages of ovule development ( Figure 7B ), implying their important roles in ovule development. Moreover, the 6 LRR-RLK genes (Gh_A10G0460, Gh_D10G0477, Gh_A11G1546, Gh_D11G3486, Gh_A13G0257, Gh_D13G0274) that participated in fiber development as described above were also assigned to Group 1 in the ovule development K-means clustering. This implied the versatility of single G. hirsutum LRR-RLK gene, which might participate in multiple developmental processes.
Cotton is inevitably threatened by diverse abiotic stresses during its growth and development. Therefore, expression profiles of G. hirsutum LRR-RLK genes response to cold, hot, drought, salt stresses were analyzed. G. hirsutum LRR-RLK genes were clustered in four groups based on their expression profiles response to multiple abiotic stresses (Figure 8) . About half of G. hirsutum LRR-RLK genes kept low expression during the stress treatments, as shown in Group blue. Majority of LRR-RLK genes in Group green showed relative lower expression level in control, most were down-regulated response to all the four abiotic stresses compared to control, some members subsequently up-regulated at late response stages. Genes in Group orange and Group red showed relative higher expression level in control. Most of Group orange genes down-regulated under all stresses, different genes down-regulated at different stages of stresses response suggested diverse mechanisms of LRR-RLK genes response to abiotic stresses. Genes in Group red kept highly expressed during all stress response processes. Most of them up-regulated at early stages of cold and hot exposure while late stages of PEG and salt stress treatments. These results implied that Gossypium LRR-RLK genes were multi-functional, play important roles in multiple abiotic stresses response, and might help cotton adapt diverse abiotic environment. Figure 8 . Expression patterns of G. hirsutum LRR-RLK genes in response to diverse abiotic stresses (cold, hot, drought simulated by PEG, salt). Hierarchical clustering analysis classified genes into four distinct groups (colored by blue, green, orange, red, respectively).
Verticillium wilt is one of the most interactable diseases in cotton growth. The expression profiles of Gossypium LRR-RLK genes under Verticillium wilt infection were invested to analyze their response to biotic stress. The main cultivated cultivar G. hirsutum is susceptible to Verticillium wilt, while G. barbadense shows better resistance and immune to Verticillium wilt. Transcriptomic dynamics response to Verticillium wilt has been studied between G. hirsutum and G. barbadense [56] . There were 75 LRR-RLK genes showed significantly differentially expressed (log2FC > 1 and FDR < 0.05) in G. barbadense under Verticillium wilt infection. The counterpart differentially expressed LRR-RLK genes number in G. hirsutum was 75 too. Among these differentially expressed LRR-RLK genes, subfamily XI-1, XII and VIII-2 accounted for the largest share (Figure 9 ). Comparing G. barbadense with G. hirsutum, we found that G. barbadense had more differentially expressed LRR-RLK genes belong to subfamily XI-1 and XII than G. hirsutum ( Figure 9 ). Expression heatmap revealed that the majority of subfamily XI-1 and XII LRR-RLK genes down-regulated significantly when infected by Verticillium wilt, while subfamily VIII-2 LRR-RLK genes were more likely to be up-regulated. Additionally, G. barbadense LRR-RLK subfamily XI-1 and XII genes usually up-regulate more significant than G. hirsutum ones, as subfamily VIII-2 genes down-regulated more than G. hirsutum ones (Figure 10) . As a result, there were more LRR-RLK genes showed low expression level in infected G. barbadense than in infected G. hirsutum. The difference of LRR-RLK expression regulation between G. barbadense and G. hirsutum may be associated with disease resistance difference of these two species. 
Conclusions
The present study performed a comprehensive analysis of the large LRR-RLK gene family in four Gossypium species. The Gossypium LRR-RLK genes were classified into 21 distinct subfamilies. Subfamilies XI and XII were found dramatically expanded in Gossypium, tandem duplication were found act as important expansion mechanism in these expanded subfamilies. Functional and expression profiles analysis suggested that Gossypium LRR-RLK genes were involved in diverse developmental processes and stresses defense, the expansion of subfamily XI and XII could be associated with more complicated development and regulation process, and enhanced adaptability against various environment. Cis-acting regulatory elements analysis revealed that Gossypium LRR-RLK genes were extensively regulated by TFs and various abiotic and biotic stimuli. Our study provided valuable information for further function study of Gossypium LRR-RLK genes. Figure S1 : Domain and exon-intron organization of identified LRR-RLK family members in A. thaliana and Gossypium, Figure S2 : NJ tree constructed by MEGA 7 based on LRR-RLK family members of A. thaliana and Gossypium, Figure S3 : Chromosomal location of LRR-RLK genes from four Gossypium species, Table S1 : Statistics of A. thaliana and Gossypium LRR-RLK genes distribution among different subfamilies, Table S2 : Number of tandem duplication gene sets and involved genes in Gossypium LRR-RLK family, Table S3 : Statistics of cis-acting regulatory elements found by PlantCARE in promoter regions of Gossypium LRR-RLK genes, Table S4 : Statistics of TF binding sites predicted in promoter regions of Gossypium LRR-RLK genes.
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